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Transient probe spectra in strongly driven atoms and their dependence
on initial atomic conditions
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I. INTRODUCTION

Atomic fluorescence or absorption spectra can be signi-
ficantly modified in the presence of a strong optical field.
In particular, it is now well known' that the fluorescence
spectrum emitted by a “two-level” atom which is driven
by a strong, nearly resonant, cw optical field is split into
three spectral components. In addition to modifications
in the fluorescence spectrum, one can also observe
changes in the absorption or emission spectra of a weak
“probe” field that interacts with atoms being driven by a
strong “pump” field. Thus, probe absorption spectra can
consist of an absorption-emission doublet? when the probe
and pump fields drive the same atomic transition or an
absorption (or emission) doublet’ when the probe field
drives a transition sharing one common level with the
pump transition. All the above effects can be explained in
a unified manner by using a *“‘dressed-atom™ description
of the atom-field interaction.* In the dressed-atom ap-
proach, eigenstates of the atom plus pump field serve as
the basis states for the system. The various spectral com-
ponents observed in fluorescence or absorption are viewed
as arising from transitions between these dressed states.
Although the radiation field is quantized in the conven-
tional dressed-atom approach,® for most applications it is
possible to introduce semiclassical dressed states™® in
which the optical fields are treated classically.

The doublets and triplets in the pump-modified fluores-
cence and absorption spectra are features which are found
in a “steady-state” limit; that is, all transient effects relat-
ed to the turn on of the pump and/or probe fields are as-
sumed to have decayed away when the spectra are mea-
sured. Although one is often concerned only with the
steady-state spectra, there can be interesting information
available in the transient regime. In this paper we use a
semiclassical dressed-atom approach to calculate what
may be termed “‘transient probe spectra.” We are particu-
larly interested in transient probe spectra that are pro-
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We analyze the transient probe spectra that arise when a three-level atom is strongly driven by an &
optical field nearly resonant with one transitiqgl g}m} is probed by a step-function weak field on ao
coupled transition. We.nay, particular attentionr'to ‘the effect of imbalances in the initial dressed-

state populations on the bserved spectra. As recently pointed out, such imbalances may be induced
by sudden changes ir. .«e phase of the driving field. -
dramatically for different tnitial atomic conditions. We-follow the temporal relaxation of these nov- N
el probe spectra to their steady-state form. 99r calculations do not include the effect of inhomo-
geneous broadening and are hence appropriate to studies of collimated atomic beams. / -

v

that transient probe spectra may differ 7

"

duced in the following manner: (1) a step-function pump
field is applied to the atomic sample; (2) at some time
(+ =0) following the application of this field, its phase is
switched to produce some desired population of dressed
states;’ (3) at the same time (¢ =0), a step-function probe
field is applied to the sample; (4) the transient probe spec-
trum is monitored for 1>0. The use of a phase-
controlled driving field to control dressed-state popula-
tions has recently been demonstrated.” With the ability to
control the initial dressed-state populations, one can ex-
pect to see new and novel features (e.g., suppression of
some of the spectral components) in the transient probe
spectra.

Using the dressed-atom approach, one can calculate
transient probe spectra for the three classes of problems
described above (fluorescence spectrum for a driven two-
level atom, probe absorption in a driven two-level atom,
probe absorption on a tramsition coupled to the pump
transition). In this paper, we restrict the calculation to
the pump-probe scheme shown in Fig. 1(a) in which the
pump and probe fields act on transitions sharing but one
common level. All effects of Doppler broadening are
neglected so that our calculations are appropriate to inves-
tigations involving collimated atomic beams. Transient
probe-absorption spectra are obtained for arbitrary initial
conditions for the dressed states of the system. Related
calculations have appeared involving transients in three-
level systems,®¥~%0 the time dependence of resonance
fluorescence spectra,'®?! quantum beats from dressed
atoms,'® photon echoes from dressed atoms,? transient ef-
fects in probe-absorption spectra resulting from optical
pumping,’? and the transient probe field spectrum ob-
served when a cw pump is suddenly turned off.** It may
be noted that transient resonance fluorescence line shape
was studied as a function of initial atomic conditions by
Eberly er al.*' However, these calculations are not specif-
ically oriented towards studying the transient probe spec-
tra as a function of the initial dressed-state amplitudes.
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BAP DAP

() (b)

FIG. 1. Upward-cascade three-level closed system in both (a)
bare-atom picture (BAP) and (b) the dressed-atom picture
(DAP). (a) In the BAP, levels 1 and 2 are coupled by a strong
field a; (= jX | /2) and levels 2 and 3 by a weak probe field a,.
Level 3 decays back to level 2 and level 2 decays back to level 1.
(b) In the DAP, the dressed states are coupled by a, and ap
(which are proportional to the probe field strength) and aq, b, 5,
R 44ccr and Rpgcc (which are proportional to the decay rates ).
The levels for the DAP are drawn in an interaction representa-
tion in which the laser photon energies have been subtracted out.

As such, they miss many of the novel features that appear
when the atoms are prepared in specific arrangements of
the dressed states.

In Sec. II, we give a qualitative discussion of the prob-
lem addressed herein. A detailed calculation of transient
probe spectra is presented in Sec. III, and the dependence
of the spectrum on the initial atomic conditions is dis-
cussed for various special cases in Sec. IV, Finally, in Sec.
V, we discuss dressed-atom state preparation.

II. QUALITATIVE DISCUSSION
OF TRANSIENT PROBE SPECTROSCOPY
IN A THREE-LEVEL SYSTEM

The response of a two-level system driven by a nearly
resonant field is often described by the Bloch equation,?*
which may be written (neglecting relaxation) as

dB

ar =0zXB, 2.1
where Q5 =(—X,0,4,,) is the driving field vector and
B=(u,v,w) is the Bloch vector. The quantity
X=p,,-&,/% is the Rabi frequency associated with a
driving field of the form & cos(Q;t —K,'r+¢,) and has
been chosen to be real,”> A,, is the atom-field de.uning,
P2\ is an atomic dipole-moment matrix element, and u, v,
and w are related to atomic density-matrix elements gj; in
the field-interaction representation®2* by

u=p+pu
v=ipu—pu). (2.2)
W=pn—pP1.
pu+pn=1.

The fact that the Bloch vector lies in the uw plane is
linked to our (conventional) definition of the interaction

representation.”> If an additional phase angle —3§ is intro-
duced into the definition of the interaction representation,
the Bloch vector has components ( —X cosd, —X sin,A,;).
It is clear from Eq. (2.1) that the temporal evolution of B
can be quite different depending on its orientation relative
to f25z. In general, B precesses about {}p in such a way
that the relative angle between the two vectors remains
fixed, i.e., B precesses in a cone about Q5. The extent of
the Bloch vector’s motion is clearly largest when Q5 and
B are orthogonal and minimum (in fact B remains sta-
tionary) when B and Qg are parallel or antiparallel. In-
terestingly, it has recently been pointed out that the con-
figurations with B||(+{)p) correspond to atoms in partic-
ular dressed states of the atom-field system.>’ Since the u
and v components of B are related to the electric dipole
moment of the atom, their oscillation or nonoscillation
should be reflected in the spectra of the driven atom.

In steady-state strong-field spectra measurements, one
essentially averages over the behavior of atoms with many
different relative orientations between B and Q5. Howev-
er, as was recently demonstrated experimentally,’ it is pos-
sible, in the transient case, to excite a sample of atoms so
that the Bloch vectors of all atoms have a particular
orientation with respect to the driving field. In particular,
the special case in which the Bloch vector of all the atoms
are aligned parallel to +Qj (i.e.,, when all the atoms are
excited into a particular dressed state) has been shown to
be experimentally accessible. The means of exciting
atoms into a particular dressed state is analogous to that
employed in the “sg)in-locking” experiments of nuclear
magnetic resonance’® and will be discussed further in Sec.
V. Although the Bloch vector picture does not provide
immediate intuitive insight into the problem of atoms in-
teracting with both a pump and a probe field, we can ex-
pect that the initial relative orientation of B and {2 will
have a strong influence on the transient probe spectra.

In this paper we are concerned with understanding the
spectral response of the probe absorption signal in a single
velocity subclass of three-level atoms shown in Fig. 1(a).
We assume that in the time period before ¢t =0 the atoms
are prepared (in a manner to be discussed in Sec. V) such
that a given set of initial conditions for the components of
the Bloch vector B, associated with the 1-2 transition or,
equivalently, for density-matrix elements [p;(t =0),
Pt =0), pyy(t =0)], is achieved. For ¢ >0, a strong cw
pump field with associated Rabi frequency X drives only
the 1-2 transition while a weak probe field is used to study
the spectrum associated with the 2-3 transition. The
probe absorption is then monitored as a function of time,
probe-field—atom detuning Aj,, and the initial conditions
of the Bloch vector. For a strong resonant pump field, the
steady-state probe absorption as a function of Aj; is shown
in Fig. 2, where the separation of the two peaks corre-
sponds to the well-known ac Stark splitting." Our prob-
lem then is to trace the time evolution of the probe ab-
sorption from ¢ =0 to this steady-state distribution.

Since the pump laser field coupling the 1-2 transition is
intense, a dressed-atom picture (DAP) provides a good ap-
proach for studying the problem.*~® Usually in the DAP,
all or part of the atom-field interaction is solved exactly
and the resultant atom-field eigenstates are used as the
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20 ] _ ¥ Naa
- X1 =2y, ¢ B
:E;]‘s Y= 006y,
8 ] A
2 ]
| (a) (b)
% : FIG. 3. Energy levels of the three-level system with a strong
2 8- T resonant dressing field and ggg(0)=1 in the DAP when the
: X1 =20 : probe is resonant with (a) initially populated state B (wcp=0)
8 ar e ‘573 4 and (b) initially unpopulated state 4 (wc,=0). In (a), the probe
. 2707 absorption builds up proportional to ¢ initially and reaches its
) KJ steady-state value with no oscillation. In (b), except for a small

Dap/ 1X1

FIG. 2. Steady-state probe absorption as a function of dimen-
sionless probe detuning A:y/ ¥ | when a strong pump field is
exactly on resonance with the 1-2 transition. These curves also
give the steady-state value of the upper level population
pult ~ x) as a function of A,/ Y |. The two curves shown
correspond to different ratios of the Rabi frequency X and decay
rate y» to the decay rate y;.

basis for further calculations. Here, the strong pump field
can be viewed as a dressing field for an atom. It produces
the semiclassical dressed states | 4), | B), and | C) [see
Fig. 1(0)] 1n which the states | 4) and | B) are a linear
combination of the bare-atom picture (BAP) basis vectors
|1) and |2) and state | C) corresponds to state |3),
with all the energies modified to account for the fact that
we use a field-interaction representation.®?’

The two peaks appearing in the steady-state spectrum
are easily explained in terms of the DAP. For a fixed
pump field detuning A,;, states 4 and B are separated in
frequency by wpg, =(A%+X$"'2° As the probe field de-
tuning A, is varied, level C moves vertically since
we = Ay, resonances occur when level C becomes degen-
erate with either level 4 or B. As such, the probe-
absorption spectrum consists of two peaks separated in
frequency by wg,.

We are now in a position to understand qualitatively
the effect of initial conditions on the transient probe spec-
trum. For simplicity, we consider the case of a resonant
dressing field only (A;;=0, wpg,=|X|) and the limit
when the Rabi frequency Y is much larger than all relaxa-
tion rates (the more general case is considered in Sec. III).
We consider the probe spectrum resulting from two dif-
ferent sets of initial atomic conditions at t=0. In the
first, the atoms are assumed prepared in the B dressed
state, i.e., pgpl(t =0)=1, p,44(0)=0. In the second, the
atoms are assumed to reside in “bare” state |1) [i.e.,
ﬁ,,(O): 1] which lmplles that ﬁAA(O)zﬁBB(O).‘:ﬁAB(O)
=Ppal0)=7.

Case 1: pgpt0)=1. For a probe detuning Aj;;=|X | /2,
the probe is resonant with the initially populated dressed
state B (Fig. 3). This leads to a relatively large probe ab-
sorption with no oscillatory behavior owing to the reso-
nance between dressed states | B) and | C). The probe
absorption builds up to its steady-state value with no os-

oscillatory component arising from a nonresonant direct cou-
pling between levels B and C, the probe absorption builds up, on
average, proportional to ¢? initially via the level coupling
B—+A-—-C. The probe absorption in (a) (wcgp=0) is much
larger than that in (b) (wc,=0) at early times. In this figure,
a, and ajp give the probe coupling strengths, while b is the rate
of transfer of population from state B to A4.

cillation. For a probe detuning Aj;=— | X | /2, state C is
resonant with the (initially unpopulated) dressed state A.
Probe absorption occurs via two pathways. First, there is
direct coupling between states B and C. Since this is off-
resonance coupling, it leads to oscillation in the probe ab-
sorption buildup when the probe field is detuned at
Ay =— | X | /2. However, the relatively large oscillation
frequency (large relative to relaxation rates) usually results
in a relatively small contribution to this component of the
probe absorption. The second pathway involves a cou-
pling of level B to A (this coupling occurs at a rate com-
parable to the spontaneous decay rate of level 2} and a
subsequent resonant coupling of level A to level C. This
contribution is nonoscillatory. At early times state A’s
population is much less than that of state B, implying
that the probe absorption is greater for A;;= | X | /2 than
for Aj;=—|X | /2. As t—+ w0, both g44 and ppg ap-
proach their equilibrium values of  and the absorption
spectrum achieves its steady-state form with equal absorp-
tion for Ay, =+ |X| /2. Thus for the gpp(0)=1 initial
condition there is minimal oscillation in the probe absorp-
tion signal, and the probe absorption at A;;= | X | /2 is in-
itially stronger than that for A;,= — | X | /2. The absence
of strong oscillation in the probe absorption versus time is
linked to the fact that the Bloch vector B, and the Q,
vector are initially aligned at ¢ =0.

Case 2: Gi(0)=1, i.c.. 3Y4=F3 = s =pi= 1. In
this limit, there is still the nonoscillatory contribution to
the probe absorption for each of the probe detunings
Ay = +X /2 discussed above (these contributions are now
the same for Ay, =X /2 and Ay;= —X/2 owing to the in-
herent symmetry in the initial conditions). However,
there is an additional major contribution to the probe ab-
sorption which comes from the fact that ggz,#0 at 1 =0.
This dressed-state coherence also leads to probe absorp-
tion at Ay; = +X /2 but this contribution oscillates in time
at a frequency equal to | X |. In the Bloch picture this
corresponds to the fact that the Bloch vector B, is not in-
itially aligned along the Q; vector—precession of the

g
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Bloch vector translates into an oscillatory probe-
absorption signal.

In closing this section, we briefly comment on the
time-frequency uncertainty relation and its role in th.
measurement of the transient spectra calculated here. In
previous discussions related to transient resonant fluores-
cence,2% it has been pointed out that the need to simul-
taneously measure the spectral and temporal properties of
light observed in transient spectra leads to unavoidable
limits on the achievable temporal resolution. The probe
spectra calculated here, however, are unaffected by the
temporal-spectral uncertainty relation for the simple
reason that the temporal and spectral measurements are
not made simultaneously. No spectral filtering need be
performed on the signals observed during the actual tran-
sient experiment. The probe frequency, corresponding to
a cw laser frequency, is determined at one’s convenience
before or after the transient measurement. Thus, as long
as one has detectors that are sufficiently fast to record the
probe absorption as a function of time for a given probe
frequency, there is no problem, analogous to the one en-
countered in measuring the fluorescence spectrum as a
function of time, in defining what is the physically ob-
served variable. The problem of a time-dependent fluores-
cence spectrum for atoms prepared in pure dressed states
will be discussed in a future paper.

I11. PHYSICAL SYSTEM AND SOLUTION

Consider an atomic beam traveling in the x direction
which interacts with a composite optical field of the form

E(y,z,t)=& cos(Qt — K |'r+¢,)
+szcos(ﬂzt——l(2-r+¢2) , 3.1

with K, =K,,=0. The atoms are modeled as having
three levels, 1, 2, and 3, with energy difference fiw;; be-
tween levels i and j. The laser field (#,0,) is a strong
pump field and effectively drives the 1-2 transition only,
while the laser field (&,,0,) is a weak probe field which
effectively drives the 2-3 transition only. Owing to the
use of the atomic beam with K;-v=K,v=0 (v is the
velocity of the atomic beam), contributions to atom-field
detunings arising from the linear Doppler effect are elim-
inated. In the following calculation, we will follow the
notation in the paper of Berman and Salomaa,® and make
use of the results obtained therein.

We want to find the transient behavior of the probe to
lowest order in | &,|. The laser field (&,Q;) can be
viewed as a dressing field for the atom, producing the
semiclassical dressed states (using a field-interaction rep-
resentation®>?7)

|A)=cos@|1)—sing|2) ,

| B)=sinf| 1) +cosd|2) , (3.2)
1C)=13),

where
sinf=|{ 3[1—-A,(A}, +4a})~172]}172, (3.3)

a|=—X/2=—p2|‘$|/2ﬁ, (3.4)
A21=w2,—sgn(w2|)ﬂl , (3.5)

a; has been chosen to be real and positive, and 8 is de-
fined such that 0<8<w/2. The frequency separation of
the dressed states is

Oca =85+ 38+ +(A3, +4ah)?, (3.6a)

wcg=An+ 187 — (A3 +4aD)?, (3.6b)

wga=(8%+4a})'?, (3.6¢)
where

A32 =w32 —sgn(w;z )02 .

For the DAP picture to be useful, we require that wg, be
much greater than all relaxation rates associated with lev-
els 1 and 2.

Assuming that relaxation processes in the BAP (see
Ref. 6) can be modeled by

(p;rel)l'j: —vyPy U, (3.7a)
Bradi=~Tips+ 3 Tufjj» (3.7b)
J (i)

with I'y;;=I3=0, and that incoherent pumping of the
bare states is governed by the rates

AU=A,8,] ) (3.8)

the equations of the density-matrix elements in the DAP
are

Paa=Aa+R4a Py +2a4ImBcy) , (3.9)
P8 =Ap+Rpp Py +2a5Im(Gcg) (3.9b)

Pec=Ac+ RecyPuv—2a 4Im(pey ) —2a5Imipeg) ,

(3.9¢)
Pea=—¥ca+ioc Pca +iaBec —Paa)
—iagppa+B pcs (3.9d)
Pea=—¥ca+iocgPcs +iag Fec —pan)
—ia pap+Bpca . (3.9)
Pra=Ag4 +RpauPuv— V84 +iwpPp4
+id ppe—iappeq » (3.90
Prav =P » (3.9g)
where
A4 =Acos’6+ Assin’ (3.10a)
Ag=A;sin’6+ Ajcos?d , (3.10b)
Ac=Ay, (3.10c)
Apa=Aap=7(A;—Aysin’d (3.10d)
a, = —a,sind , (3.11a)
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K]
ag=acosf , (3.11b) Paa+Pss +Pcc=pn+pn+pn=1, (3.19) . 3.
. enabling us to eliminate g, from Egs. (3.9) and, with the :t‘
ar=—py &/2%, B.1e) use of Egs. (3.16)—(3.18), reduce Egs. (3.9} to .;:
,‘ [
] . .
B'=2(yn—yylsin(26), (3.128)  Fop=a—(a +b)Fgs+Rps 8\Fas+Paa) L
(R
. ~ "
Yea =73160820+7 3,8in%0 (312b) +(Rgp,cc —a)pcc +2asIm(pes) , (3.20a) "
e cin? 2 . s
YcB =Y3sin‘0+y3c08°6 , (3.12¢) Pcc=—Ybcc—2a,4Imipc,)—2agIm(geg) , (3.20b) )
3
YBa=Fa1+ H([ 1y 4Ty —n)sink(20) , 312 =
Pca=—ia,—Ycatiocs)Pca Mo
=2yy--T,—T;, (3.13) o ‘
T=ram i o +ia,(ppp+2pcc)—iapppa+B pcs » (3.20c) -
and the summation convention is implied in Egs. (3.9). N
The quantity 7 gives a measure of the effect of phase- - . _ L - o
changing collisions (=0 in the absence of collisions), a, Pcs=—yYcpt+iwcg)pcp+iagpcc—Pes) S
has been chosen to be real, and the nonvanishing R, ,, i E ~ 3.20d) —
are given in Appendix A. The v; (i,j =1,2,3, i) are iaspas+Bpca @. wi
decay rates associated with the §;; coherence. - _ e
The physical observables are the probe-absorption coef- PBa=Rpa 44+ (Rpqpp—Rpa 44)Ps8 Nt
ficient which is proportional to Im{p3,) with - 2
prop P32 +(Rpa,cc —Rpa,a4)Pcc R ;
P12=c080 fcg —sindpcy , (3.14) —(Ypa+iwpy)Ppa tiappc—iagpcs »  (3.20e) -
and the population of level 3 where :»‘_
< 4 LY
- o~ a =7y,sin"o , . (3.21a) O
pu=pcc - (3.15) & N
- 4 W
The population py;(f) is a measure of the instantaneous b=7y4c056 , (3.21b) .
spectrally integrated ﬂuorescencg from level 3 that one and the Ry, ,, are given in Appendix A. We consider the IR
would observe if the probe field is abruptly turned off at  cage in which field a, is constant for ¢ >0 and field a, is "
time ¢ > 0. Equations (3.9) are to be solved to lowest or- switched on at ¢t =0. Since the probe field is “off for %
der in a;, which implies that we must find gc4 and gcp to t <0, one has initial conditions '
first order in a4 or ap and pcc to second order in these 51 (0)=5n(0)=5rr(0) =0 o
quantities. For algebraic simplicity, we consider here a Pcat®)=pPcB VI =pcctVi=1 =
specific case—upward cascade for a closed system (see Pu0) arbitrary, p,v=A orB . (3.22) t‘:
Fig. ). . - - W)
The closed system is characterized by incoherent pump-  Solving Egs. (3.20c) and (3.20d) for Pca and pcp to first : '
ing rates order in a4 or ag, we find (assuming wg, >>V3;) ":
- A . ~ L. .o~ v
Ai=0 (i=1,2,3), (3.16)  Pea=—la,—{yca+iocaPea+iapis—iasp s , 5
and relaxation rates (3.23a) r,-
rh=r=v, (3.17a) = . -~ L ~0) s ~(0) '}-'.
Pcs=—Yc+iwcg)pcp—iappps —iaypap,  (3.23b) .
I e
Fi=Tu=y,, 31700 Ghere P o are the zeroth-order solutions for §,, which, to hat
lowest order in y,/wpg,, can be easily determined from i
Fy=T;=0y;=0. (3.17¢)  Egs. (3.20a) and (3.20¢) as .
Equations (3.17) imply that all spontaneous emission from . a a l:v-:
level 3 returns to level 2 and that from level 2 returns to p(‘?&:e ? |ppgl0)— T + T ° (3.24a) :.'_‘ \
level 1. Moreover, collisions can be neglected, owing to 4 4 7
the use of an atomic beam, ey
- —(yp +iog )t o
7=0, (3.18a) piu=e 1M 5 00), (3.24b)
]
where '
Yi=vi/2 i=23), (3.18b) 4
F,=a +b=y,(1- 1sin’26) . (3.25) ¥
Y= yi+ 7)) . (3.18¢) 3

The total population is conserved,

Thus, for constant a, (1 > 0), the probe response is deter-
mined by
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ﬁ e —ile ()- rpl—(’~lr(-{+iw(«‘ll 05‘44410)——1)533(0) a b l_eflyunw(-‘u
C. = X o Al |77 -~
! ! Yea tiwey — rp rp ! rp Yea Hiwey
¢ —lygeHivg, )r-e ~Yeq tiog i
+appp4(0) - - , (3.26a)
locg+Yca—Yaa
ﬁ o il e~rpl_e—(y(.n+iw(-n)l bﬁBB(O)—aﬁ,M(O) . a l_e—(y(»ﬂ+im(<ﬁu
y == B : B |+ .
e Yeg+iweg—T, r, r, Ycpt+iocs
~Ypa—iopyM _  ~Teptiocg
+a,p45(0) - , (3.26b)
lwca+Ycp—YBa
ﬁ}z(’):coseﬁcg(”—SinGﬁCA(t) . (3.27)

The signal generally consists of both nonoscillatory and oscillatory contributions. As f— + w0, it approaches the

steady-state behavior shown in Fig. 2.

The level-3 population, second order in a4 or ag, is found from Eq. (3.20b) to be

Pty =pcclt)=~2 fo‘e g, Impc,(t')+aglmpegle’)]dt’

= _2a,Im {fo'e‘““""ﬁn(z')dz' .

By substituting Egs. (3.27) and (3.26) into Eq. (3.28), one
can easily obtain the explicit expression for 5;3(¢) which is
given in Appendix B.

IV. TRANSIENT SPECTRA—SUPPRESSED PEAKS

Equations (3.26) and (3.27) for the probe absorption
[proportional to Img,(¢)] and Eq. (3.28) for gy{¢) are
functions of the detunings A;; and Aj,, the field strength
2a,=—X, and the time t. For fixed A, and X, one can
obtain transient spectra by monitoring the probe absorp-
tion or level-3 population (via fluorescence) as a function
of Aj; for fixed 1. Alternatively, for fixed A,; and X, one
can observe the transient buildup of the probe absorption
as a function of ¢ for fixed A;,. In this section, we give il-
lustrative examples of both transient spectra and the tran-
sient buildup of probe absorption.

Note that, as t— + oo, the steady-state value for gj,(¢)
from Eq. (3.27) is given by

sin%(20)
2 4_25in%20)
sin%g N cos@

( - - 4.1
Ycp Hlowes Yca Hlwey

532( wo)=—ia

and is independent of the initial atomic conditions. The

(3.28)

absorption spectrum displays two peaks, at w4 =0 and
ocp=0. The relative peak amplitudes are a function of
Ay, /X f(or B@)—for A, =0, the steady-state probe-
absorption signal is symmetric about A;;=0. Except for
the inherent difference in peak amplitudes associated with
a detuning A0, most of the qualitative features of the
transient response do not depend on whether or not
Ay;=0. Consequently, we choose to limit our illustrative
examples to situations in which A, =0 (0=7/4).

The transient probe spectrum given by Eq. (3.26) and
(3.27) has a complicated structure even for A;;=0. In
general, at a given time, the spectrum exhibits resonant
structure near owcyq =A3+a;=0 and wcg=43—a;=0,
but may oscillate as a function of A;; between these peaks.
For a given A;,, the buildup of probe absorption in time
generally consists of oscillatory and nonoscillatory com-
ponents. The degree of oscillatory behavior as well as the
time it takes for each resonance peak to reach its equilibri-
um value is a sensitive function of the initial atomic con-
ditions. In order to study this dependence, we first con-
sider the transient buildup of the absorption peaks. Fol-
lowing that discussion, we display transient probe spectra
for a number of initial conditions.

A. Transient buildup of absorption peaks

The absorption peaks occur at weg ~ 0 and e =0.
For Ay, =0 (6=mr/4), Eqs. (3.26) and (3.27) may be used
to obtain
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RPN o B BN C i
)= —
P2 4 y+2ia, |y
ia: —(l/l)yzt_e—(y+i2a,u e—ll/l)y:l_e_},,
—T[PAA(O)—ﬁEB(O)] " ; - :
Yy—3v2t+2ia Y—372
. —(3/4)y4t _ —[(3/41y1~i2a| |t _
ay | _ S Ye i N - " Yt
+_2‘ pBA(O)e_—_‘—ee l a\l+P‘4B(0)e 3 X ¢ for Wcy =0, 4.2)
Y—372 Y—3v2+2ia,
where
Y=Yca=YcB=T1V3+%V2- 4.3)

A similar expression with 4 <= B, a) <= —a, gives p3;(1) at wc4 =0. We now wish to examine Eq. (4.2} for two sets of
initial conditions, one in which 555(0)=1 and one in which §gg(0)=p,,(0)=p45(0)=p5p,(0)= 1.

1. Preparation in a single dressed state fpp(0)=1

In this limit, for which g,,4(0)=545(0)=0, Eq. (4.2) reduces to

idy | 1—e-1 e-—tl/Z)rzr_e_r, 1_6—11/2)721
- + - - (wcp=0)
4 Y Y—1v2 ¥ +2ia
532(1)’_\: ‘ 4.4)
iay | | pe = VITE g mtrmdat |y My
- — - + —_— 1 (CL)CA =0) .
4 v =2ia, v y—1r;

Recall that y = %yﬁ- }y;. If ¥t is much less than unity,
we see that the peak at wcp =0 builds up as a,t/2 while
that at wc,=0 builds up, on average, as
Ty /1][(ay/2)t] <<ayt. There is also an oscillatory
component at wc4 =0 which varies inversely with a;.
This result is entirely consistent with the discussion in
Sec. Il and can be understood with the aid of Fig. 3.
When one starts the system in dressed state B, state C is
resonant with state B if wep =0 and a transition ampli-
tude agt/V2=ta,t is obtained. However, if wc,=0,
there are two pathways for excitation of state C. First,
there is a stepwise excitation in which the system goes
from state B to A (with amplitude =yt /4 for yt << 1}
and then from A to C (with amplitude ya,t), giving an
overall contribution to the total amplitude for the w¢,
resonance of +(1y,0) Ta,t) at early times. Second, there
is a direct transition between states B and C, giving rise to
an oscillatory component at the w4 resonance. At early
times, its contributions to the w4 resonance can be rela-
tively important (the atom acts in some sense as an un-
damped oscillator), but for longer times (y,t > 1, y;t > 1)
its relative contribution is of order y/a,. Thus, we expect
the buildup of the wc,=0 resonance peak to be
suppressed relative to that of the wep =0 peak if we start
in dressed state B, and we expect to see some oscillations
in the w4 resonance peak buildup. Note that these oscil-
lations damp out in a time of order min(y; ',y7 .

The features described above are easily seen in Fig. 4.

These figures display buildup at the absorption resonance
peaks [ —Img,,(¢)] for the initial condition pgg(0)=1 for
|X' /7/3=2a|/y3=20, Y2/y3=1.5 [Flg 4(8)] and
|X|/v3=2a,/73=2, y,/73=0.05 [Fig. 4b)]. The wcp
resonance builds up more rapidly than the w,, resonance.
Oscillations are seen in the wc, resonance which damp
out more rapidly in Fig. 4(b) than Fig. 4(a). By using Egs.
(3.28) and (4.4) one can calculate g;3(¢). Graphs of pa;(1)
for the same choice of parameters as in Fig. 4 are shown
in Figs. 5(a) and 5(b). The population builds up more rap-
idly for the wcp resonance than the w4 resonance when
ppal0)=1. In calculating §3;(t) one finds that the oscilla-
tory structures seen in Fig. 4 are smoothed out on a time
scale y5 1.

2. Preparation with 5,4(0)=p33(0)=545(0)=534(0)= §

This limit corresponds to an initial condition in which
the atom is in bare state 1 at t =0, i.e,, p),(0)=1. As dis-
cussed in Sec. II, we should now expect to see important
oscillations (nutation) in the transient buildup of the reso-
nance peaks. The nutation can be attributed to the fact
that g ,(0)£0 which, in turn, can be associated with the
fact that the Bloch vector B, and the Q vector are no
longer parallel at ¢ =0 as they were when the atoms were
prepared in a single dressed state.

For the initial conditions §,,(0)=7 (u,v=4 or B),
and for A, =0 (8=m/4), it follows from Eq. (4.2) that
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Ay;=0 owing to the inherent symmetry of the initial con-
ditions, so that it is sufficient to consider the wcg =0 res-

“

ey
Ul )
.,l‘:ia
g
33 TRANSIENT PROBE SPECTRA IN STRONGLY DRIVEN ATOMS . .. 3963
.’\“:
Sy
4 . ] B
] [F- Fannsinn alih aonhanaid -
Y o ] ]
S s
:"\l' ] n / Wep 0 ?
.3;!,’ £ . 0! / 7
. : .. E
s - ! "yt
Ry = 8. / ca
."..' \ g &; II / s
] o / /
P 3 S s /
e : SN T
N i 50 7 1
B L . .
£ IR GE N
1A A . L 2 '
f‘\' ] | ! v/ (a)
[ SO S SO ST 7 R
h N L T e S S R S S L T T S T T S A
Py 's) 73t r3t
e
¥ N 4(’? F e T T e A | -} ‘0{ . ,
N . ] i
e 35~ S M :
¥ '} AWE‘ \\\—‘\\ 3 »
:‘\ 2 e g0 : 30° Weg=0
Ul 5 25; T _ } N
N > i :
P £z - &;5:
- a8 - = - .
.- Weazd-. - 75 Jz0:0
Fa : Ny
Ll § - ! s Wey =0
{{‘ g0t Xl =27, B
-.:_. § s 7,=005y; : IDE- X = 27, :
. é ~ { o N
i‘.- 2 ) ] : %005y,
’ A " @0 ;. 3 S ) ‘
i’ 5t . . . j { (G
0 ;0 W X 4 5% 60 W 4 % e T m T m e e b b
%y 73t
fotS 73t
5 FIG. 4. The transient probe absorption [ —Imgi.(t}] at the
J-_:. two resonance peaks wep=0 (Bp=:Y1/2) and w¢,=0 FIG. 5. The transient behavior of the upper state population
% ~ (Au=— Y,/2) as a function of y;t when a strong pump  P3(?) at the two resonance peaks wcp=0 and wc, =0 for t‘he
e tdressing) field is exactly on resonance with the 1-2 transition same situation as in Fig. 4. The short b'ar.on the nght-han.d §1fie
(All =0), the atom is lnnla”y ina Sing]e dressed state ﬁ”B(O): 1, indicates a Steady-state value which is mdependent of initial
A% and (@) ¥ =2a,=20y:,, y:=1.5}y, (b} |Yi=2a,=2y, ato.mic. conditions a.nd is. the sarzne for2 the two 'peaks. The popu-
) ;' ¥:=0.05y,. The short bars on the right-hand side indicate the lation is measured in unllts of a3/(2y$) which is always assumed
oY) steady-state value which is independent of initial conditions and to be much less than unity.
| is the same for the two peaks. The choice of parameters of (a)
A'.'.Q i [tb1] apply to all figures ta) [(b)] in Figs. 4—11.
w8 onance only. If ¥yt << 1, the probe absorption builds up as
+ast[1—cos(2a,;1)].?® For all 1, the buildup is character-
Co _ iay [ YH¥NY | _,-m ized by. nutation oscillations of freq~uency Za -
o Palt)=— 2 5 + In Figs. 6 and 7, we graph —Imps,(#) and g3;(1), respec-
- v+ia, Y tively, for the same field and decay parameters as in Figs.
" A 4 and 5, but with the new initial condition §,,(0)=1. Os-
iay | MMM _ cillations are seen in the probe absorption buildup at the
+ 4 3 resonance peaks. In calculating §;3(¢), these oscillations
e y=a72 are smoothed over a time yy' Thus, in Fig. 7(a), i
A ¥y . us, in Fig. 7(a), in
o which | X | =2a,=20y;, the population oscillations are
RO~ —[3/4y,=dieyt greatly reduced from those in the probe absorption [Fig.
: +£ - —¢ , 6(a)]; however, in Fig. 7(b), in which |X | =2a,=2y;,
R Y —3Y2+2ia, smoothing does not result in such a dramatic reduction in
the oscillation amplitude.
.\“" forwcg=0. (4.5
oM
o . . - B. Transient probe spectra
R The probe absorption, proportional to — Img,(¢), and the
:‘.\ upper state population p3;(t) are now symmetric about The full transient probe-absorption spectra and upper

state population are given in Figs. 8—11 corresponding to
the parameters chosen in Figs. 4—7, respectively. These
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FIG. 6. Same as in Fig. 4 except that the initial conditions
are now §4(0)=p3p(0)=F54(0)= 1, i.e.,, 51,(0)=1. The probe
absorption is the same at the resonance peaks wcy=0 and
wcq =0 owing to the resonant dressing field and the symmetry
in the initial conditions in the DAP.

curves have been calculated from Egs. (3.26)—(3.28).
While these figures are fairly self-explanatory, the follow-
ing three features may be noted.

(1) At very early times (2a,t << 1), the spectra are in-
dependent of detuning A, for | Ajy | < 2ay; this feature is
associated with the fact that the probe switching is as-
sumed to occur on a time scale much less than a .

(2} Spectra with 5;,(0)=1 are symmetric about A;,=0
for the assumed detuning A, =0.

(3) Oscillations in Figs. 8(b) and 9(b) are totally damped
for all detunings, once yyf >>1; this is linked to the fact
that a,~y:>>¥;.

Figures 8—11 clearly show that, for atoms prepared in
a single dressed state, the buildup of one of the resonance
peaks is suppressed and nutation oscillations are all but el-
iminated.

V. INITIAL CONDITIONS FOR DRESSED STATES

The atoms are prepared in their initial state during the
period — o <t <0. This preparation can be done by us-

FIG. 7. Same as in Fig. 5 except that the initial conditions
are now 5_4,.(0):5,;,;(0):5,,‘4(0):%, i.e., p1(0Y=1. The gu;(t)
are the same at the resonance peaks w¢g =0 and w4 =0.

ing cw or transient methods. At ¢=0, the initial
dressed-state density-matrix elements are related to the
bare-state ones by

Pua= 7 — +u sin(20) — 3w cos(26) , (5.1a)
Pps =~ + Tusin(20)+ Tw cos(20) , (5.1b)
Ppa=7ucos(20)— 1iv — wsin(20) , (5.1¢)
Pan=Pha » (5.1)

where u, v, and w are given by Eq. (2.2) and 8 is deter-
mined by Eq. (3.3). It is important to note that our Bloch
equations as well as Egs. (5.1) are defined relative to the
phase of the dressing field present for 1 > 0.%*

By proper state preparation, any set of initial conditions
can be achieved. For example, assuming a resonant dress-
ing field (6=m/4), if the (1) atoms are in bare state 1
{p1=1, all other p;; =0) (in this case, no active prepara-
tion 1s necessary),

Paa0)=Fpp(0) =5 g (N =pg,0)=1 : (5.2)

{2) atoms are prepared using a 7 /2 pulse by a field having
the same phase as the dressing field (u =0, v ~ 1, w0 =0),

. :.. "
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(a)

Probe Absorption
(Arbitrary Units)

(b}

FIG. 8. The transient probe absorption ( —Img:,} spectra as
a function of both probe detuning (A:;/ Y ') and time (y ) for
the same situation and initial conditions as in Fig. 4, namely,
A:::0, pppOr =1, and @) ¥ =2a,=20y: y,=1.5y5 (b

¥V =2a, =2y v:=0.05y.. The transient probe response is
plotted up to only half of the time range in Figs. 4—7 and, con-
sequently, has not yet arrived at the steady-state spectra which
are independent of initial conditions and are given in Fig. 2.

Pual01=Ppp0)= 3, P4p(0)=—ppy(0)=i/2; (53)

(3) atoms are prepared using a 7/2 pulse by a field that is
+7/2 out of phase with the dressing field (u=+1,
v =0, w=0),

P5p0)=1, F44(0)=p 15(0)=pp,(0)=0, (5.42)

or

ﬁ‘“(O):l, ﬁBB(O):ﬁAE(O):ﬁB4(O):O . (54b)

As has been pointed out recently,” example (3) produces
atoms in pure dressed states. In examples (2) and (3)
above, relaxation processes during the application of the

(a)

3(Arbitrory Units)

A

0 (b)

FIG. 9. Same as in Fig. 8 except that it is drawn for the
upper level population gy;(t). The steady-state spectra are also
those in Fig. 2. The transient response at the two peaks
Ay =1 [X | /2 are also given in Fig. S.

7/2 pulses were neglected, and the preparatory pulses
were assumed to terminate at the time of application of
the dressing fields.

Generally, for a nonresonant dressing field (A;;50),
one also can prepare a pure dressed state by the phase-
switching method. One knows from Egs. (5.1) that the
pure dressed state |B) (| A)) is produced when the
Bloch vector By, is parallel (antiparallel) to the driving
vector g =(wp,sin26,0,wp4c0820). A schematic dia-
gram is given in Fig. 12 showing how to align the Bloch
vector By, along the driving vector 5. We can show
that, at first, a field is applied to rotate B, from its origi-
nal downward position (g;;=1) by an angle

S,

U =arccos - - I
2cos[m/4— im/4) -0 ]

- : ' (8.5

[14 Qa, /A, 7]V 41

= Aarccos

s o

2953

b T T TR

e s e e -
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Probe Absorption
{Arbitrary Units)

Probe Absorption
(Arbitrary Umits)

o {b)

FIG. 10. Same as in Fig. 8 except that the initial conditions
are now §,4(0)=p,(0)= . The spectra are symmetric abvut
zero probe detuning (A:;=0) and the transient behavior at the
peaks are also given in Fig. 6.

tor angle 27 — ) 1o position P tor () such that —B,,
twhen A, >0 or Byt when A, <O aligns along one of
two intersection lines of two cones formed by the rotation
of -1 about 0z and that of Qg about @, respectively.
Then, 5 should be rotated about — 1 lor + it} with angle

[1+2sin t7/21-20 '

i, = arctan Leosdd
, Z(z| :‘1/2
=arctan A.
cta A |
[ e 11
NIk o2 15.61
| [ | [

to coincide with the rotated By vector. The first step can
be performed by a step-function preparation dressing ficld
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{Arbiteary Units)

Pa3

7t
3 (o)

(Arbitrary Units)

a3

0 (b)

FIG. il. Same as in Fig. 9 except that the initial conditions
are now ﬁA_‘(0)=§u(0)=§“(0)=% and the transient response
at the peaks are given in Fig. 7. The spectra are symmetric
about zero probe detuning.

of duration (A3, +4ai) '? and the second step should
be carried out very quickly by changing the phase of the
dressing field by ¥,. The atomic state preparation must
be carried out in a period much shorter than y; '

One can also produce the atoms in a pure dressed state
by adiabatically turning on the dressing field in the period
— oo <t <0.*Y In this method, adiabaticity is achieved by
using a value sin20 << 1 (i.e., a large detuning A,,} to in-
sure that the Bloch and Q5 vectors remain parallel—this
leads to probe absorption signals that are smaller by a fac-
tor sin*20 than those produced by the phase-switching
method. Adiabatic following can also be achieved by
starting with an off-resonant laser field and slowly sweep-
ing its frequency into resonance. This method could be
used to produce atoms in a single dressed state which
would produce probe-absorption spectra comparable in
strength  to those praduced by the  phase-switching
method.



- g
rrp g A
'A:A' g,

FIG. 12. Aligning the Bloch vector By, along the driving vec-
tor {1z in a nonresonant dressing field Ay >0 case. At first, a
step-function dressing field of duration (A3, +X?)~/? rotates
the Bloch vector By, from its original downward [ w(0)= —1}
position to position P. Then, the driving vector {; is rotated to
coincide with rotated — B;, by decreasing the phase of dressing
field very quickly by ¢,. After this the Bloch vector B is anti-
parallel with Q.

VI. CONCLUSION

The transient response of atoms in an atomic beam to a
step-function weak probe and strong pump field has been
described. The probe-absorption spectral response was
found to be a sensitive function of the initial conditions of
the dressed atoms. In the case of a resonant pump field
and equally populated dressed states at the time the probe
field is turned on, the probe spectrum is double peaked
and symmetric, and the resonance peaks exhibit oscilla-
tions as they evolve toward their steady-state values. In
contrast, if the atoms are initially prepared into a single
dressed state (using the means described), the probe spec-
trum is initially asymmetric and the resonance peaks do
not oscillate appreciably as they approach the same
steady-state values. Our calculations demonstrate the
qualitatively new behavior observable in transient studies
where initial atomic conditions can be controlled. Al-
though we only considered an upward-cascade closed sys-
tem in this paper, oscillation disappearance and the
suppression of one peak can also occur in various other
three-level configurations with or without the presence of
incoherent pumping. In closing, we note that the tran-
sient studies of resonance fluorescence of a two-level sys-
tem should also be interesting, since atoms prepared in a
pure dressed state should initially display only a double-
peaked spectrum.
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APPENDIX A

The elements R, ,, represent the effects of spontane-
ous emission or collision relaxation in the DAP. The non-
vanishing R, ,, are®

R4 44 =—Tcos’8—Tsin’g

— (=T ,—Tysin%26) , (Ala)
R4 g =+7sin’(20)+ T psin*0+ Tyicos*0,  (Alb)
R g4 cc=Tysin’6 (Alc)

RAA.AB:RAA,HA
= +sin20[ T, — ', + 7 cos(26)
— 20, c08%0+ 2T, sin’d],  (Ald)

RBB,AA= %T] Sinz( 29)+ F]2COS49+ FZISin40 , (A2a)

Rpp pp=— Flsinze— F200529
— (=T 13—, )sin%26) , (A2b)
Rpp cc=Tyc080 , (A2c)

R BB.AB = R BR.BA

= ¢sin20[ T, — ", — 1 cos(26)

+ 20 5c0870 - 20, sin’0] . (A2d)
Recec=—Ts, (Ala)
Recoaa= Isin’d, (A3b)
Rec pg=T1c05°0 , (Alc)
Rec ap=Recpa=—3Tysin’0 (A3d)

Rpg qa== 1 sin(20)[T; T + 3 cos 20
+2[sin"6— 2T cos 0] . (Ada)
Ry, pg= +sin20[[, =T -1 cost20)
4205 co8°0— 20 sin0] . (Adb)
Rpcc=— 3T 3sin(260) (Adc)

Rpq ap=~+(n—T =T sin’(26) (Add)

with the remaining elements given by the symmetry prop-
erty

Regpv=Ropsy - (AS)
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APPENDIX B

By substituting Eqgs. (3.27) and (3.26) into Eq. (3.28) and using Eq. (3.11), one obtains the general expression of p;(1)

as
~ 20}(1—e™"") [aycpcos’®  bycasin®d
plj‘l): 5 - ! 2
e YcptOrg  Yea T wea
+ zag[bﬁBB(O)—aﬁAA(O)]\e —rP,_e ‘Y.")

(Y — FP )COSZO

(vea—T, )sin’6

[“,,(73— Fp)
. 203 bpgs(0) —af (0]

(Yep—Tpl+ots  (Yea—T, +of,

—ycg+Hiweght ~—¥3t
(e cB CB —e J)

cos’f

r, (Yep+iocg—Tpycp+iwcg—v3)
(e —(Ycqtiocy lr_e —h[)sinze
(Yeat+ioca =T vca+iocs —v3)
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